Abstract. The benefit of prophylactic cranial irradiation (PCI) in limited-stage small-cell lung cancer (LS-SCLC) was established in a meta-analysis performed in 1999. Since then, considerable progress has been made in the diagnosis, staging and treatment of LS-SCLC, including chemotherapy and radiotherapy, which led to a longer survival time in patients. Therefore, the magnitude of the benefit of PCI should be re-evaluated. Furthermore, the optimum timing of PCI for LS-SCLC treatment has not been established and more data is required to demonstrate this. In the present retrospective study, the cases of patients that were diagnosed with LS-SCLC between March 2005 and December 2010 were reviewed. The main eligibility criteria of patients were a diagnosis of LS-SCLC and the achievement of a complete response (CR) or near CR subsequent to receiving ≥3 cycles of cisplatin-based chemotherapy, with or without advanced thoracic radiotherapy. Early and late PCI groups were separated using the median time interval between the start of primary chemotherapy and the start of PCI. In total, 80 patients were excluded from the analysis, including 9 patients that developed brain metastases, 2 during primary chemotherapy and 7 during radiotherapy. The remaining 399 patients were deemed eligible. PCI was administered to 185 patients; 92 patients were in the early PCI group and 93 were in the late PCI group. PCI significantly decreased the incidence of brain metastases [P<0.001; HR, 0.24; 95% confidence interval (CI), 0.15-0.39] and improved the overall survival time of the patients (median survival time, 21.5-38.8 months; P<0.001; HR, 0.60; 95% CI, 0.45-0.79). However, no significant difference was identified between the early and late PCI groups, either in the incidence of brain metastases (P= 0.875) or the overall survival time (P= 0.361). Multivariate analysis revealed that PCI (P=0.004) and thoracic radiotherapy (P= 0.023) were the only 2 independent favorable prognostic factors of overall survival time. The present study demonstrates that PCI may be of considerable benefit to increase the survival rate and time of patients, and early PCI is as effective as late PCI. However, the present study recommends that PCI should be offered as soon as primary chemotherapy is completed, since there is a greater risk of developing brain metastases during thoracic radiotherapy.
Introduction
Small-cell lung cancer (SCLC) accounts for 15-20% of all types of lung cancers (1) . SCLC is characterized by a high incidence of metastatic disease when patients initially present with SCLC, and a high treatment response rate. Limited stage-SCLC (LS-SCLC) is diagnosed in 30-40% of patients with SCLC.
The first-line treatment for patients with LS-SCLC is cisplatin-based chemotherapy combined with irradiation of the chest region (2, 3) , which yields a complete response (CR) rate of 50-85%, a median duration of survival of 12-20 months, and a two-year disease-free survival rate of 15-40%. In addition, the risk of thoracic recurrence decreases with combined treatment; however, brain metastasis becomes one of the main types of relapse (2) . The cumulative incidence of brain metastasis two years post-treatment is 45-58% in patients that receive combined treatment (4, 5) .
Prophylactic cranial irradiation (PCI) has been demonstrated to reduce the risk of brain metastases from 58.6 to 33.3% 3 years subsequent to combined therapy, and in addition, meta-analyses have revealed that PCI results in a 16% reduction in mortality rate, which modestly increases the 3-year survival rate between 15.3 and 20.7%. (6) . However, in recent years, there has been a more effective systemic chemotherapy treatment (etoposide regimen and cisplatin-combination regimens) that has been combined with more advanced thoracic radiotherapy, including three-dimensional conformal and intensity-modulated radiation therapy (7, 8) ; therefore, the magnitude of benefit from PCI should be re-evalauated.
The benefit of PCI has been determined, but the optimal timing of PCI intervention has not been examined (6) . Auperin et al demonstrated by meta-analysis that PCI had a significantly greater effect on the incidence of brain metastasis in patients that received PCI within 6 months following induction therapy compared with patients that received PCI after 6 months (P=0.01) (6) . However, the results from Auperin et al were from a subgroup analysis and should be interpreted with caution. Two prospective randomized studies comparing the optimal timing of PCI revealed conflicting conclusions; an early randomized study revealed no difference in the frequency of brain metastases between PCI performed at the start of induction treatment and PCI delivered 6 weeks later, whereas a later study demonstrated a statistically significant decrease in intracranial recurrence when PCI was performed during chemoradiotherapy as opposed to following chemoradiotherapy (9, 10) . Therefore, the optimal timing of PCI delivery should be established. The aim of the present study was to re-evaluate the benefits of PCI and investigate whether a delay in delivering PCI following the start of the first chemotherapy cycle leads to a detrimental outcome of patients.
Materials and methods
Patients. Histological or cytological evidence of the presence of SCLC was required. The selected patients were diagnosed with LS-SCLC and had achieved CR or near CR subsequent to primary chemotherapy or chemoradiotherapy. Patients underwent a staging evaluation prior to the initiation of chemotherapy. The staging evaluation consisted of a computed tomography (CT) scan of the chest, ultrasonography of the neck and upper abdomen, magnetic resonance imaging (MRI) or CT of the head, a radionuclide bone scan, and a CT scan of the upper abdomen. Radiographs of the regions of increased radionuclide uptake were confirmed by CT or MRI. A bone marrow biopsy was not used for staging. Lymph nodes that were suspected of being enlarged were observed using ultrasonography and confirmed by cytology using a needle aspirate.
LS-SCLC was defined as cancer limited to one hemithorax, the mediastinum and supraclavicular nodes, provided that all volumes were combined in the same radiotherapy field as the primary tumor.
Patients were excluded from analysis for the following reasons: Cytological evidence of a malignant pleural effusion; the presence of a second malignancy; ≤2 cycles of primary chemotherapy undertaken; the presence of squamous cell carcinoma or adenocarcinoma; and the presence of progressive disease during chemo-or radiotherapy.
The present study was approved by the Medical Ethics Committee of Zhejiang Cancer Hospital (Hangzhou, China; approval no., IRB-2016-10).
Treatment strategy. In total, ≥3 cycles of cisplatin-based treatment regimens were administered to patients. Chemotherapy regimens mainly consisted of etoposide and cisplatin therapy (cisplatin, 25 mg/m 2 on days 1-3 or carboplatin, area under the curve-based dosing of 5 on day 1, and etoposide, 80-100 mg/m 2 on days 1-3). Thoracic radiotherapy (TRT) was performed concurrently, sequentially or alternatively with chemotherapy. TRT was administered with 3-dimensional conformal radiotherapy (CRT) or intensity-modulated radiotherapy technique, and the prescription dose was 40-66 Gy in 20-33 fractions. The target volume consisted of all gross disease, the ipsilateral hilum and the entire mediastinum. The supraclavicular fossa was not irradiated routinely if there were no enlarged lymph nodes in those sites.
The patients received whole-brain PCI, in which 4-6 MV photons were delivered with opposed lateral portals, with normal tissue sparing of the lens. The irradiation fields included a ≥1 cm margin on the calvarium. PCI was performed within 1 month following primary chemotherapy or chemoradiotherapy.
To investigate the impact of the timing of PCI on prognosis, early and late PCI groups were established from the median time between the start of primary chemotherapy and the initiation of PCI.
Response assessment and follow-up. The response assessment at the end of primary chemotherapy or chemo-and radiotherapy was based on the results of a CT scan of the chest and upper abdomen, an MRI of the head and a radionuclide bone scan. Fiberoptic bronchoscopy was not performed. CR was defined as the disappearance of all target lesions. Partial response (PR) was defined as a decrease of ≥50% in the greatest dimensions of target tumors, using the sum at baseline as a reference. Near CR was defined as a continuum between CR and PR.
CT of the chest and ultrasonography of the neck and upper abdomen were repeated every 3 months for 2 years following the end of treatment, and every 6 months thereafter. An MRI of the head was used if the patients presented with a headache or neurological symptoms suggestive of brain metastases.
Endpoints. The primary endpoint was the cumulative incidence of brain metastases. Overall survival (OS) time was the secondary endpoint and was defined as the duration between the date of the first chemotherapy cycle and the date of mortality from any cause or the last known date that the patient was alive.
Statistical analysis. All data were calculated using SPSS software version 13.0 (SPSS Inc., Chicago, IL, USA). The differences within each categorical variable were assessed using χ 2 tests. The Kaplan-Meier estimate was used to calculate brain metastasis rates. Survival time was calculated as the time elapsed between the date of primary chemotherapy and the date of mortality. The patients that remained alive were censored at the date they were last known to be alive. The Kaplan-Meier estimate was used to calculate survival time curves and the Mantel-Cox version of the log rank test was used to determine associations between OS time and clinical factors, including the age at diagnosis, gender, smoking status, Eastern Cooperative Oncology Group performance score (ECOG PS), weight loss, thoracic radiotherapy and PCI. Cox's proportional hazards model, with a backward-forward, stepwise method, was used to identify significant variables. P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics. Between March 2005 and December 2010, 479 patients with LS-SCLC were treated at Zhejiang
Cancer Hospital (Hangzhou, Zhejiang, China). In total, 399 patients were eligible for the present study, and 80 patients were excluded from the analysis as follows: 22 patients underwent ≤2 cycles of the first chemotherapy regimen; 2 patients possessed mixed carcinoma; 46 patients did not achieve CR or near CR following first-line treatment; and 10 patients demonstrated progressive disease during chemo-or radiotherapy, of whom 9 patients developed brain metastases, with 7 developing metastases during thoracic radiotherapy and 2 developing metastases during chemotherapy, and 1 patient developed liver metastases during chemotherapy. The median follow-up time was 26.5 months (range, 3.1-77.4 months).
Of the 399 patients whose records were examined, the median age was 55 years (range, 25-79 years) and 81% of the patients were men. In total, 98% of the patients possessed an ECOG PS of 0 or 1 at baseline, and 25 patients underwent thoracic surgery and 344 patients received thoracic radiotherapy. The mean dose of thoracic radiotherapy was 54.10±0.43 Gy.
PCI was administered to 185 patients. The mean PCI dose was 28.22±0.30 Gy in 10 fractions. In 98% of patients, PCI was delivered subsequent to the end of primary chemotherapy or chemoradiotherapy. The median interval between the start of primary chemotherapy and the start of PCI was 6 months. In total, 92 patients received early PCI and 93 patients received late PCI. The median interval between the start of primary chemotherapy and the initiation of PCI was 5.0 months (range, 1.5-6.0 months) in the early PCI group and 7.2 months (range, 6.1-16.9 months) in the late PCI group. In total, 214 patients did not receive PCI due to the individual preference of the physician or the patient.
The baseline characteristics of the patients are presented in Table I . There were no differences in the distribution of the majority of characteristics between the PCI group and the group that did not receive PCI, with the exception of age and the number of patients that underwent thoracic radiotherapy. An increased number of patients received thoracic radiotherapy in the PCI group compared to the group that did not receive PCI (P<0.001). Patients >65 years of age were significantly less likely to receive PCI compared with patients aged <65 years (P=0.045). The baseline characteristics were similar between the early and late PCI groups.
Cumulative incidence of brain metastases. Symptomatic brain metastases were identified in 75 of the 215 patients in the group that did not receive PCI (34.9%) and in 21 of the 185 patients in the PCI group (11.4%; P<0.001). The median time between the start of primary chemotherapy and the incidence of brain Table I . Characteristics of 399 patients with limited stage-small cell lung cancer. metastases was 10.6 months (range, 2.5-46.0 months). The cumulative incidence curves are revealed in Fig. 1A . The cumulative risks of symptomatic brain metastases at 6, 12 and 24 months were 7, 29 and 42% in the group that did not receive PCI, and 0, 3 and 13% in the PCI group. The hazards ratio for the PCI group was 0.24 [95% confidence interval (CI), 0.15-0.39]. There was no significant difference between the early PCI and late PCI groups (P=0.875); however, there was an increasing trend in the incidence of brain metastases in the late PCI group 3 years subsequent to receiving PCI (Fig. 1B) .
Overall survival (OS) rate and time.
The median survival time was 27.5 months and the OS rates at 1 and 3-years were 89 and 43%, respectively, for the entire cohort of patients.
The survival outcomes are shown in Fig. 2A and B. In the group that did not receive PCI, the median survival time was 21.5 months, and the 1 and 3-year OS rates were 82 and 35%, respectively. In the PCI group, the median survival time was 38.8 months, and the 1 and 3-year OS rates were 96 and 53%, respectively, (P<0.001; HR, 0.60; 95% CI, 0.45-0.79). In the early PCI group, the median survival time was 32.6 months, and the 1 and 3-year OS rates were 92 and 50%, respectively. In the late PCI group, the median survival time was 40.9 months, and the 1 and 3-year OS rates were 99 and 55%, respectively (P= 0.361).
Patient and clinical characteristics were evaluated to determine their prognostic value in terms of OS rate in Table II . In total, 9 characteristics (age, gender, ECOG PS, weight loss, smoking status, thoracic radiotherapy, PCI, the number of chemotherapy cycles and the timing of PCI) were analyzed. Univariate analysis demonstrated that age, gender, ECOG PS, weight loss, the number of chemotherapy cycles and the timing of PCI were not significantly associated with the survival rate; however, smoking status, PCI and thoracic radiotherapy were significant prognostic factors for the survival time. As revealed in Table III , multivariate analysis demonstrated that PCI (P=0.004) and thoracic radiotherapy (P=0.023) were the only 2 independent favorable prognostic factors of OS rate. Smoking status demonstrated a marginally significant effect on the OS rate (P=0.051).
Discussion
Following an individual patient data-based meta-analysis, published in 1999, PCI became the standard treatment in patients with LS-SCLC that achieved complete remission subsequent to chemotherapy and radiotherapy (6) . However, in the present retrospective study, >50% of patients with LS-SCLC did not receive PCI. There is a significant discrepancy between the recommended evidence-based optimum rate of radiotherapy in lung cancer and the actual rate used in patients, since PCI is recommended for all patients (6), but not all patients receive it, which suggests that recommending PCI remains controversial among doctors and patients (11) . In addition, in the present study, elderly patients were less likely to receive PCI compared with younger patients, indicating that doctors and patients were more cautious in delivering PCI to elderly patients, due to PCI potentially causing chronic neurotoxicity (12) (13) (14) . Consequently, studies are required to demonstrate whether PCI is safe and effective in elderly individuals.
The present retrospective study evaluated PCI in 399 patients with LS-SCLC that achieved CR or near CR following primary chemo-or radiotherapy and demonstrated that PCI resulted in a significant decrease in the rate of brain metastases (P<0.001; HR, 0.24; 95% CI, 0.15-0.39) and a significant improvement in the OS rate (P<0.001; HR, 0.60; 95% CI, 0.45-0.79). PCI remained a significant factor following adjustment for age, gender, ECOG PS, weight loss, smoking status, thoracic radiotherapy and the number of chemotherapy cycles (HR, 0.655; P=0.004). These favorable survival rate results were consistent with other studies that evaluated PCI in patients with LS-SCLC (6, 15, 16) . Notably, in the present study the PCI group and the group that did not receive PCI possessed a longer median survival time compared with Table II . Univariate analysis of the prognostic factors for survival rate in patients with limited-stage small-cell lung cancer. other studies (17) (18) (19) . The magnitude of benefit from PCI in the present study increased the 3-year survival rate between 35 and 53% and increased the median survival time between 21.5 and 38.8 months, which was greater than that revealed in other studies (6, 12, 16) . The present study hypothesizes that this variation is partly due to the improved accuracy of the diagnostic staging and cisplatin-based chemotherapy combined with the advanced radiotherapy technology used in the present study, which resulted in an improved control rate of intrathoracic diseases (20) . Early retrospective data also suggested that the role of PCI was largely dependent on the response of the primary tumor to CRT (21) . In addition, the current study demonstrated that 90% of brain metastases appeared within the first 2 years of induction chemotherapy, which was consistent with other studies (5, 11, 17) . Despite the disadvantages of a retrospective analysis, the present study demonstrates the advantage that all results were acquired from a patient cohort that was treated in a major hospital over several years. The present retrospective study demonstrated that the timing of PCI initiation was not significantly associated with the incidence of brain metastases and the OS rate or time. The baseline characteristics were similar between the early and late PCI groups; therefore, this result was not confounded by other clinical factors. It is well established that early chest radiotherapy may improve the survival rate of patients with LS-SCLC (22) . As a prophylactic treatment, it is unknown whether early PCI may be as effective as early chest radiotherapy. A phase II study revealed that the incidence of brain metastasis was 7.3% in the early PCI group, when PCI was performed during chemoradiotherapy, and 20% in the late PCI group, when PCI was performed following chemoradiotherapy (P=0.00901). Consequently, the timing of PCI was hypothesized to be an important factor for decreasing the incidence of brain metastases (10) . However, the increased risk of long-term neurotoxicity should be considered when PCI is used concurrently with chemotherapy (23) (24) (25) . In the present study, 98% of patients received PCI following the end of primary chemoradiotherapy, and hyperfractionated accelerated radiotherapy was not used; therefore, the median interval between the start of primary chemotherapy and the initiation of PCI was as long as 6 months. This was similar to the interval time in the meta-analysis by Auperin et al, demonstrating that the interval has no effect on the risk of mortality of patients (6) .
OS rate, % -------------------------------
The present findings are also consistent with two additional studies (23, 24) . In a retrospective study, which assessed 118 patients that received PCI, the risk of developing cerebral recurrence was not observed to be significantly different between patients that received PCI 2-5 months subsequent to diagnosis and those that received it 5-15 months subsequent to diagnosis (P=0.26) (26) . A pooled analysis on 421 patients with LS-SCLC also revealed that the length of the interval between the start of chemotherapy and the initiation of PCI did not affect subsequent survival rates (HR, 1.00; 95% CI, 0.99-1.01; P=0.58) (27) . However, the present results should be interpreted with caution, since 9 patients were excluded from the primary analysis for developing brain metastases during primary chemoradiotherapy, with 2 patients developing metastases during chemotherapy and 7 patients developing metastases during thoracic radiotherapy, which was administered sequentially with chemotherapy. The brain was previously considered as a pharmacological sanctuary where metastases could develop, due to the protection provided by the blood-brain barrier (BBB). However, in recent decades, it has become clear that the BBB is disrupted in metastatic tumor tissue, rendering it permeable to pharmacological agents, including CPT-11 and cisplatin (28) . This is additionally confirmed in the present observations that intracranial progression is relatively rare during primary chemotherapy. The present finding that 7 patients developed brain metastases during thoracic radiotherapy suggests that PCI should be administered as soon as primary chemotherapy is completed.
The present study has several limitations. First, it is a single-institution, retrospective review. The present study attempted to limit the bias inherent in comparing two non-randomized groups; however, it is likely that there are other clinical factors that may have contributed to the difference in the OS time and rate between the groups, including the dose and different schedules of radiotherapy, chemotherapy combination and the different treatment options provided during the development of cancer. In addition, the latest edition of the tumor-node-metastasis staging system was not used in the present survival rate and time analysis (29) . Second, the follow-up time of the present study was relatively short. In total, 73 patients were followed-up for ≤24 months and symptomatic brain metastases may not have been detected in such a short follow-up period. Third, the cut-off time of 6 months set in the present study for the early and late PCI groups may not be optimal.
In conclusion, the present study identified that PCI significantly decreased the incidence of brain metastases and improved the overall survival rate in patients with LS-SCLC. Early PCI administered within 6 months of the start of first-line chemotherapy was as effective as late PCI, which was PCI that was administered 6 months later. However, it is recommended that PCI should be administered to patients as soon as first-line chemotherapy is completed.
